A key challenge for photoelectrochemical water splitting is that high performance semiconductors are not stable in aqueous electrolytes, necessitating corrosion protection layers such as TiO 2 . In the best case, the protection layer would also serve as the heterojunction partner, minimizing complexity and thereby cost. However, the bands of most high performance semiconductors are poorly aligned with TiO 2 , limiting the photovoltage. Here, we describe a method to overcome this limitation through the placement of a tunable dipole layer at the interface of the p-and n-type materials, shifting the relative band positions to enable an increased photovoltage. The introduction of a phosphonic acid (PA, H 3 PO 3 ) layer increases the photovoltage of TiO 2 -protected Si, Sb 2 Se 3 , and Cu 2 O photocathodes. The dipole effect scales with PA surface coverage, and gives even larger shifts when multilayers are employed. By varying the thickness from submonolayer to multilayer (up to 2 nm), we are able to tune the photovoltage of p-Si/TiO 2 over a range of 400 mV.
A key challenge for photoelectrochemical water splitting is that high performance semiconductors are not stable in aqueous electrolytes, necessitating corrosion protection layers such as TiO 2 . In the best case, the protection layer would also serve as the heterojunction partner, minimizing complexity and thereby cost. However, the bands of most high performance semiconductors are poorly aligned with TiO 2 , limiting the photovoltage. Here, we describe a method to overcome this limitation through the placement of a tunable dipole layer at the interface of the p-and n-type materials, shifting the relative band positions to enable an increased photovoltage. The introduction of a phosphonic acid (PA, H 3 PO 3 )
layer increases the photovoltage of TiO 2 -protected Si, Sb 2 Se 3 , and Cu 2 O photocathodes. The dipole effect scales with PA surface coverage, and gives even larger shifts when multilayers are employed. By varying the thickness from submonolayer to multilayer (up to 2 nm), we are able to tune the photovoltage of p-Si/TiO 2 over a range of 400 mV.
Broader context
While usage of solar energy offers many benefits, one of its main limitations for large scale implementation is that solar irradiation varies strongly with day/ night and summer/winter cycles. Efficient storage of solar energy is therefore of crucial importance, with one possibility being to convert solar energy into chemical energy, for example in the form of H 2 obtained from splitting water (2H 2 O -2H 2 + O 2 ). Water splitting could be achieved by coupling photovoltaic (PV) cells to an electrolyzer or, in a more direct way, in a photoelectrochemical (PEC) cell, which absorbs sunlight and, instead of generating electricity, uses the solar energy to drive a chemical reaction. PEC cells are operated in direct contact with corrosive electrolytes and measures have to be taken to protect the otherwise unstable materials. Finding suitable protection strategies is an open challenge, since not only the stability is important, but also the energetics of the protective materials have to be matched with the photoabsorbing semiconductor. This study presents a general method to tune the band alignment between photoabsorbers and one of the most promising protective materials, TiO 2 , which makes otherwise unfavorable material combinations more efficient.
The maximum possible photovoltage of photoelectrochemical (PEC) cells as well as heterojunction-based photovoltaic (PV) devices is determined by the band alignment of the involved materials. In traditional PEC, the maximum photovoltage is set by the difference of the Fermi level of the semiconductor and the redox potential of the solution, while in PV the maximum theoretical photovoltage is set by the difference of the Fermi levels of the p-and n-type materials. Furthermore, large discontinuities (i.e. spikes) in the conduction band have to be avoided to assure an unhindered flow of the photo-excited electrons through the junction. Optimizing band alignments at semiconductor heterointerfaces is a key challenge in the development of new technologies for PEC and PV applications. 1 Strategies to improve the band alignments include graded interfaces, 2 introduction of buffer layers, 3, 4 doping of the electron acceptor material 5 as well as interface and bulk defect engineering. 6, 7 However, most of these solutions are specific for a particular materials combination. An elegant way to tune the band alignment in a more general fashion is by adding a dipole layer at the junction interface, which results in an increase of band bending, minimizing recombination losses at the interface. 8 The interface dipole strategy has been successfully demonstrated in the fields of organic PV, [9] [10] [11] [12] perovskite PV 13, 14 and quantum dot PV, utilizing self-assembled monolayers (SAMs) of carboxylic-and phosphonic acids. [15] [16] [17] In traditional PEC, the dipole layer is added at the semiconductor/electrolyte interface, which usually leads to very limited stability and only a small voltage increase due to shielding of the dipole by the electrolyte. [18] [19] [20] [21] In order to compete with commercially well-established PV coupled with electrolyzers, PEC systems have to be stable for years, likely in extreme pH electrolytes. 22 Thus, corrosion protection layers have been investigated, using chemically stable materials such as TiO 2 . 23 The use of overlayers in PEC systems creates a ''buried junction'', which functions much like a PV heterojunction, and therefore strategies to improve the performance of buried junction PEC cells are directly translatable to PV devices. TiO 2 is a good candidate for a protective overlayer due its chemical stability over a wide range of pH, and it has been shown to protect photoanodes as well as photocathodes. 23 In the best case, TiO 2 would also serve as the heterojunction partner, minimizing the number of layers in the device (i.e. the complexity) and therefore the cost. However, the band alignment of most high performance photoabsorbers (such as Si) with TiO 2 is unfavorable. Thus, a dipole induced band shifting can give a better band alignment, increased photovoltage and therefore higher efficiency from these otherwise unfavorable photoabsorber/protective layer pairs. We sought to find a dipole strategy for PEC water splitting that fulfills the following requirements: utilizes cheap and abundant materials; enables a large, tunable photovoltage increase; exhibits high stability; and is generally applicable to many different photoabsorber materials. Here, we report our strategy fulfilling the above requirements and serving as a proof of concept using p-Si as a wellbehaved model photoabsorber, which would in a next step be replaced by emerging thin film materials. There is also a large body of literature on dipole modification of Si to tune its electronic properties, but those works chemically modify the Si directly and the obtained results are not transferrable to other photoabsorbing substrates. [24] [25] [26] [27] [28] A 0.5 nm Al 2 O 3 anchoring layer allows us to use different photoabsorbers with no changes in the dipole binding, since the dipole is deposited onto the anchoring layer and not directly onto the photoabsorber. After assessing several oxide materials ( Fig. S1 and S2 , ESI †), we found that Al 2 O 3 performed best as anchoring layer and is straight-forward to deposit homogeneously in well-defined thicknesses by atomic layer deposition (ALD). Phosphonic acid (PA, H 3 PO 3 ) serves as the dipole layer. In contrast to previous work using SAMs, we chose to use the spin coating technique to deposit the dipole layer which allowed us to tune the thickness of the layer without being restricted to a monolayer as maximal surface coverage. Upon screening of different phosphonic acids with different thicknesses (ranging from sub-monolayer to multilayers) in our system, the largest dipole effect was obtained using 1-2 nm of PA, where photovoltage shifts of close to 400 mV were obtained for the p-Si/TiO 2 heterojunction. TiO 2 was used as heterojunction partner and protective layer.
Water splitting electrodes were fabricated by depositing a platinum catalyst on the TiO 2 surface. Additionally, we fabricated PV cells by sputtering a transparent conducting oxide (TCO) front contact on top of the TiO 2 . Qualitative band diagrams of p-Si/n-TiO 2 as well as p-Si/anchor layer/PA/n-TiO 2 are shown in Fig. 1A -C. The effect of the dipole is represented as a step in the vacuum energy (E vac ), shifting the bands of p-and n-type layers relative to each other, and resulting in an increased band bending and photovoltage (V ph ). Fig. S3 (ESI †) shows band diagrams in flat band condition, in equilibrium and under illumination for both p-Si/n-TiO 2 and p-Si/anchor layer/PA/n-TiO 2 . The PA modification strategy was also extended to other emerging photocathodes like Sb 2 Se 3 and Cu 2 O resulting in improvements in the onset potential, demonstrating the universal applicability of our approach.
Band edge engineering at p-Si/n-TiO 2 heterojunctions
The schematic structure of the dipole modified PEC and PV cells is shown in Fig. 1D . Detailed experimental methods can be found in the ESI. † Briefly, thin Al 2 O 3 layers were deposited by ALD onto etched p-Si wafers, followed by spin coating of phosphonic acid (PA). The samples were then annealed at 120 1C in air and thoroughly rinsed with ethanol, resulting in PA layers of 0.5-2 nm thickness depending on the PA concentration used for spin coating (as determined by ellipsometry). The presence of PA on the surface was confirmed by XPS, with phosphorus core level emissions occurring at binding energies of 134.2, 135.0 and 192.0 eV (P 2p 3/2 , P 2p 1/2 , P 2s), which are in good agreement with literature reference values (Fig. S4 , ESI †). 29 SEM-EDX and AFM showed that the morphology of the samples did not change upon PA modification, since PA is deposited as a flat and homogeneous film. A weak phosphorus signal was detected in EDX measurement in a concentration close to the detection limit of the device (0.2-0.3 at%) ( Fig. S5 and S6, ESI †). The anchoring of PA is only stable under acidic conditions. Therefore, a pH 11 solution was used to fully remove the PA layer from the substrate and the resulting PA solution was analyzed with high resolution ESI-MS, showing that PA did not undergo chemical changes during annealing and was still present as H 3 PO 3 ( Fig. S7 , ESI †). PA diffraction peaks were not observed in XRD measurements due to the very thin nature of the PA layer. In a next step, n-TiO 2 was deposited on p-Si/Al 2 O 3 /PA samples by ALD. We have previously shown that B50 nm of ALD-TiO 2 is sufficient to minimize the chance of a pinhole over larger areas (1 cm 2 ), 30 thus 50 nm TiO 2 was used in this work.
PEC devices were then fabricated by sputtering 1 nm of Pt as hydrogen evolving catalyst, 31 and PV cells were fabricated by sputtering 200 nm aluminum-doped zinc oxide (AZO) followed by a 4 mm Ni grid as a front contact. 32 Fig . 1E shows current density-voltage plots for p-Si/n-TiO 2 PEC cells and PV devices. By introducing an anchor layer and a PA layer at the interface of the p-Si and n-TiO 2 , the J-V curves are shifted to higher potentials by 200 mV (Fig. 1E , blue traces). This shift leads to an increased V oc and a higher fill factor (FF), and a power conversion efficiency (PCE) increase by more than 100% (figures of merit for PEC and PV in Tables S1 and S2, We attribute the increased photovoltages in the PA modified devices to a dipole effect caused by the covalent binding of the PA layer onto the anchor layer metal oxide (in most cases Al 2 O 3 , which gives the highest performance devices, but TiO 2 and Ga 2 O 3 and even native SiO 2 showed the same band shifting behavior; Fig. S1 , ESI †). These anchor layers were grown by ALD and are naturally OH terminated. 34 Replacement of the hydroxyl groups by phosphonate groups, which are more electron withdrawing, gives a surface dipole that results in a downward shift of the substrate bands. The dipole magnitude increases linearly with increasing surface coverage, as more and more electron donating hydroxyl groups are replaced by electron withdrawing phosphonate groups (Fig. S9 , ESI †). DFT simulations have been employed to model the anchor layer/PA interface. A variety of different binding modes of PA to TiO 2 were proposed in the literature, ranging from monodentate 35 to bidentate. 36, 37 An analysis of the adsorption modes of one PA molecule on a specific bulk-like TiO 2 slab, where the PA molecules are mirrored on the bottom side to avoid spurious dipole effects, results in the bidentate B2 mode as the most stable one ( Fig. 2 and Fig. S10 , ESI †). The TiO 2 anchor layer that was used in a subset of devices has been modeled with a three layers thick rutile TiO 2 (110) slab, where the surface has been terminated with hydroxyl groups 38 while the bottom side has been passivated with hydrogens. The presence of OH groups on ALD grown TiO 2 surfaces is evident from the ALD growth mechanism and was also demonstrated experimentally. 34, 39, 40 Increasing PA surface coverage was modeled by sequentially placing additional PA molecules onto the hydroxylated TiO 2 until a full PA monolayer coverage was obtained ( Fig. 2C and  D) . To model our experimental findings of up to 2 nm thick PA layers, we started with a TiO 2 substrate with full PA monolayer coverage and added a crystalline PA layer, 41 which was slightly strained to match the TiO 2 substrate and then equilibrated for a few picoseconds at 300 K with ab initio molecular dynamics simulations. Two and four layers of PA were added on top of the first PA monolayer to simulate PA layer thicknesses of approximately 1 and 2 nm (Fig. 2E and F) . Fig. 2G shows the calculated band structures with increasing PA coverage, where the band alignment has been obtained from macroscopic-averaged wavefunction values (Computational details in ESI †). The bands are shifted to more negative energy values on the vacuum scale (or to more positive values on the RHE scale) as more PA molecules are adsorbed on TiO 2 (110). In our simulations, the shift increases even more, as we go from a full PA monolayer to a multilayer, which is in good agreement with our experimental results. The origin of this multilayer effect seems to arise from the restructuring at the interface of the PA that is covalently bound to the TiO 2 with the annealed PA layer. The magnitude of the calculated band shift is larger View Article Online than the experimentally determined V onset shift since surface states of the photoabsorber are expected to limit the obtainable shift as discussed below. Furthermore, in real devices, the electrolyte or the TiO 2 protection layer may shield and therefore reduce the observed shift. Those factors were not accounted for in our calculations. Nevertheless, we conclude that a three layer thick TiO 2 (110) slab is an appropriate model for the amorphous TiO 2 anchor layers obtained by ALD and the qualitative results (direction of the dipole as well as the trend with increasing PA surface coverage) can be extended to other metal oxide anchor layers. In addition to DFT calculations, several experimental results support the dipole hypothesis. XPS measurements revealed that PA modification of p-Si/Al 2 O 3 leads to an increase in band bending (i.e. shifting of the band edge). Core level emissions corresponding to the Al 2 O 3 anchor layer (Al 2p) as well as the native SiO 2 layer (Si 2p) exhibit a much stronger shift in binding energies than the core level emission associated with pure Si, indicating an increase in band bending on the order of 0.5 eV in the surface region of the PA modified p-Si/Al 2 O 3 sample (Fig. S11, ESI †) .
We also carried out the PA modification experiment on n-type silicon as well as p-n junction silicon. It has been demonstrated that relatively thick (4100 nm) ALD TiO 2 layers coated with a nickel catalyst are indeed conductive for photo-generated holes by an underlying n-type silicon photoabsorber. 42 As expected, the samples fabricated with n-type silicon also exhibit a band shift leading to a later V onset and decreased V oc by 200-250 mV ( Fig. S12 and S13, ESI †). On the other hand, when p-n silicon was coated with PA, we did not observe any change in V oc or V onset , since the photovoltage is generated inside the p-Si/n-Si homojunction and not affected by a dipole layer stacked outside that junction ( Fig. S14 and S15, ESI †). The finding that a PA layer shifts the onset potentials to more positive values on p-Si/ TiO 2 photocathode as well as n-Si/TiO 2 photoanode but does not affect the pn-Si/TiO 2 photocathode strongly supports the dipole hypothesis.
We note that the dipole as drawn in Fig. 1B and Fig. S9 (ESI †) is pointing in the opposite direction of the molecular gas phase dipole of PA. In our devices the dipole is rather formed by a difference in electron withdrawing/donating behavior of phosphonate as compared to hydroxyl surface termination of the anchor layer, and the gas phase dipole of the PA appears to be one out of multiple minor factors influencing the magnitude of the observed shift. 43 Therefore, substituted phosphonic acids on an anchor layer should also give a similar dipole as PA despite having substantially different gas phase dipole moments. This hypothesis was tested by fabricating PEC devices with fluorophosphonic acid (dipole moment = À1.1 D), phosphoric acid (0.0 D), hydroxybenzylphosphonic acid (+4.8 D), methylphosphonic acid (+0.6 D) instead of PA (À0.3 D). All of these samples showed an increased photovoltage as compared to a blank sample without dipole layer (Fig. S16 , ESI †).
In agreement with the DFT calculations, we found that the increase in V oc in p-Si/Al 2 O 3 /PA/TiO 2 samples scaled with PA thickness and thus with PA concentration used in the spin coating step. The dipole magnitude increases even more as we go from a full monolayer to a multilayer (2 nm PA E 4-5 monolayers). Exploiting PA thickness dependence, we were able to fine tune the V onset from +0.07 V RHE up to +0.48 V RHE over a range of 410 mV (Fig. 3A) . A maximum V onset shift of 410 mV was obtained with PA View Article Online concentrations of 20 mM (giving rise to a B2 nm thick layer, as measured by ellipsometry). Thicker PA layers affect the series resistance of the device, leading to a decrease in the performance for PA concentrations greater than 50 mM. Samples made with PA concentrations of 10 and 20 mM (1.5-2 nm thick) showed the highest performance with good V onset increase while retaining low series resistance (Fig. 3B ).
Our measurements show that the PA layer is not stable in direct contact with the electrolyte (Fig. S17 , ESI †) and even changes its morphology when kept unprotected in air for more than a day (presumably due to a slow dewetting process, Fig. S18, ESI †) . However, when protected from the electrolyte by a TiO 2 overlayer, the PA layer does not limit the stability of the device. The V onset shift is stable for more than 2 h in 1 M H 2 SO 4 , under 1 sun illumination and at 0 V RHE (Fig. 4A) . The J-V curve after stability measurement even shows a small increase in photovoltage for both types of devices (PEC and PV). After prolonged illumination, both the blank sample as well as the dipole-modified sample start to degrade and gradually lose their performance. This phenomenon has been previously demonstrated and is attributed to detachment of the Pt catalyst particles followed by TiO 2 corrosion as soon as the accumulated electrons cannot be transferred into the electrolyte and degrade the TiO 2 instead. 44 The stability of the PV devices was tested by keeping them at 80 1C under 1 sun illumination at the maximum power point for 6 days (Fig. 4B) . After 6 days of this treatment, all devices (with and without dipole) showed a V oc increase by 40 mV, unchanged J sc and smaller FF. Obviously, the dark currents (dotted lines, Fig. 4B ) of all samples decreased upon stability measurements, indicating an increased series resistance that causes the FF decreases under illumination. There are numerous possible reasons for such an increase in the series resistance (e.g. frontand back contacts). Fig. S19 (ESI †) shows how the figures of merit develop over time during the stability measurements and indicate that all major changes take place in the first few hours of the measurement before reaching a very stable equilibrium state. One of these stabilization processes even leads to a slightly increased V oc , but since this effect is also observed in the blank p-Si/TiO 2 samples, it is not directly related to the dipole layer and was not further investigated in this study. S-Shaped J-V curves have been observed in several solar cell device types like OPV and CIGS. 45, 46 Such behavior can be explained by the mismatch of the bands at a heterojunction, which may indicate that we have reached the limit of V oc maximation for this heterojunction. We can conclude, however, that the dipole layer is not limiting the stability of the device. 
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The built-in voltage of the p-Si/n-TiO 2 PV cells was determined using Mott-Schottky analysis with data obtained from electrical impedance spectroscopy. The p-type doping of the silicon wafer is evident from the plot of the inverse of the squared space charge capacitance (1/C
2 ) versus applied potential (Fig. 5) . It is observed that the PA dipole layer shifts the flat band potential (E FB ) of the device from 0.22 V to 0.49 V, which is in good agreement with the increased V oc (Fig. 1E) . A very similar difference in E FB was also observed when bare ALD-TiO 2 on FTO glass was modified with a PA layer, with and without protection by a second (very thin, 2 nm) TiO 2 layer. Those samples showed an E F shift of 200-300 mV upon PA modification, depending upon whether a second TiO 2 layer was employed, which partially shielded the dipole effect of the PA and led to smaller E FB shifts (see Fig. S20 , ESI † for discussion).
Improvement of emerging material thin film devices
We sought to demonstrate the versatility of this dipole approach by applying it to emerging thin film materials. Two potential candidates under study in our group, Sb 2 Se 3 and Cu 2 O, showed an improved performance and onset potential when a dipole layer was spin coated onto the photoabsorber prior to deposition of the protecting layer and n-type heterojunction partner, TiO 2 ( Fig. 6 ). Sb 2 Se 3 has shown high efficiencies in PV (9.2%) 47 View Article Online best reports in the literature. [49] [50] [51] Furthermore, the large dark current observed in the Sb 2 Se 3 /TiO 2 device is suppressed when a dipole layer is utilized (Fig. 6A, dotted 53, 54 while V onset of our dipole modified samples (0.5 V RHE ) sets a new record photovoltage for this heterojunction in PEC water splitting. It should be noted that the choice of the anchor layer and PA spin coating conditions require optimization for each substrate. In the p-Si/n-TiO 2 system, we found that Al 2 O 3 is the ideal anchor layer while Sb 2 Se 3 and Cu 2 O worked best with TiO 2 as anchor layer. We hypothesize that more large band gap metal oxide materials could serve this purpose and for some materials even the native oxide layer forming on the semiconductor surface could serve as an anchor layer. As an example, Fig. S1 (ESI †) compares the influence of different anchor layers (Al 2 O 3 , Ga 2 O 3 , TiO 2 , native SiO 2 ) on the performance of p-Si/ anchor layer/PA/n-TiO 2 devices. Furthermore, the behavior of PA during the spin coating process is strongly influenced by the surface morphology of the substrate. Using relatively high PA concentrations of 10-20 mM were ideal to form a nanometer thick PA film on perfectly flat Si substrate, giving large photovoltage improvement while still maintaining a low series resistance. On the other hand, for Sb 2 Se 3 as well as Cu 2 O, both of which feature a rougher surface, high PA concentrations gave very resistive devices and therefore decreased performance as compared to blank samples. For those materials the ideal PA thickness was obtained using a concentration of 1-2 mM PA giving a large photovoltage shift and low series resistance.
It should also be emphasized that for some substrates the photovoltage is limited by Fermi level pinning due to a high density of surface states within the band gap of the material. In those cases the photovoltage is independent of the band alignment with the heterojunction partner and also a dipole (for example the PA layer reported herein) will not lead to an increased photovoltage. 55 Therefore, if the anchor layer itself does not passivate the surface states well enough, additional steps are required to passivate the surface states before a dipole layer is added. In a few cases partial Fermi level pinning was also reported and those substrates would show an increased photovoltage upon addition of a dipole layer, but the increase is expected to be much smaller than in an unpinned system and we assume this to be the reason for the smaller V onset shifts observed for Cu 2 O and Sb 2 Se 3 substrates as compared to p-Si. 56 To unravel whether the lack of a photovoltage increase can be attributed to a very weak dipole or to Fermi level pinning, work function measurements (by ultraviolet photoelectron spectroscopy (UPS) or Kelvin probe force microscopy (KPFM)) can be used to clarify the presence or absence of a dipole, since the dipole has an effect on the work function even if the Fermi level is pinned and is therefore ''invisible'' in (photo)electrochemical measurements. 55 
Conclusion
We have shown that inorganic, molecular phosphonic acid layers can be used as interface dipole layers to increase the photovoltage of several heterojunctions employed for photoelectrochemical (PEC) water splitting. The strategy was developed on a p-Si/ n-TiO 2 system, where TiO 2 functioned as both the heterojunction partner and as a corrosion protective layer, enabling us to fabricate PV cells and PEC cells by only exchanging the front contact/catalyst. A large increase in photovoltage was observed (+200 mV), with excellent stability, which was not limited by the dipole layer in both the PV and PEC devices. The PA layer thickness depends on the PA concentration used in spin coating and enables the fine-tuning of the band shift in a range of 0-400 mV. DFT calculations and experimental methods (XPS, electrochemical impedance) were employed to support our hypothesis that the dipole is formed at the anchor layer/PA interface by replacing the natural OH surface termination by functional groups with different electron donating/withdrawing behavior. Furthermore, a PA multilayer increases the dipole even more than a monolayer, due to some slight structural changes at the anchor layer/PA interface induced by the PA network. Insertion of a PA layer in Sb 2 Se 3 / TiO 2 and Cu 2 O/TiO 2 allowed us to increase the photovoltage by 40 and 70 mV, respectively, demonstrating the versatility of our approach.
